To assess the impacts of different types of human activity on the development of resistant bacteria in the feces of wild small mammals, we compared the prevalences and patterns of antimicrobial resistance and resistance genes in generic Escherichia coli and Salmonella enterica isolates from fecal samples collected from wild small mammals living in four environments: swine farms, residential areas, landfills, and natural habitats. Resistance to antimicrobials was observed in E. coli isolates from animals in all environments: 25/52 (48%) animals trapped at swine farms, 6/69 (9%) animals trapped in residential areas, 3/20 (15%) animals trapped at landfills, and 1/22 (5%) animals trapped in natural habitats. Animals trapped on farms were significantly more likely to carry E. coli isolates with resistance to tetracycline, ampicillin, sulfisoxazole, and streptomycin than animals trapped in residential areas. The resistance genes sul2, aadA, and tet(A) were significantly more likely to be detected in E. coli isolates from animals trapped on farms than from those trapped in residential areas. Three S. enterica serotypes (Give, Typhimurium, and Newport) were recovered from the feces of 4/302 (1%) wild small mammals. All Salmonella isolates were pansusceptible. Our results show that swine farm origin is significantly associated with the presence of resistant bacteria and resistance genes in wild small mammals in southern Ontario, Canada. However, resistant fecal bacteria were found in small mammals living in all environments studied, indicating that environmental exposure to antimicrobials, antimicrobial residues, resistant bacteria, or resistance genes is widespread.
Antimicrobial resistance (AMR) is a global concern for animal and human health (35, 44) . Recently, there has been increasing interest in resistant bacteria and resistance genes isolated from wildlife and the environment. Bacteria resistant to antimicrobials have been detected in a variety of wildlife species (8, 9, 33) , and wildlife have been implicated as potential reservoirs of resistant bacteria and resistance genes (4) .
In the bacteria of humans and domestic animals, AMR develops primarily as a consequence of exposure to antimicrobials (40, 45, 51) . Colonization or infection by a resistant bacterial strain can occur as the result of consumption of antimicrobials or antimicrobial residues or by direct transfer of resistant bacteria or resistance genes through direct contact with resistant bacteria or from consumption of contaminated food and water (4, 40) . Wild animals are not expected to be exposed directly to antimicrobials, and the source of AMR in the bacteria of wild animals is not clear. Resistant bacteria have been found at high prevalence in the intestinal bacteria of wild rodents living in proximity to livestock (20% and 54%) (22, 20) and among Escherichia coli isolates recovered from the feces of wild Canada geese (Branta canadensis) and choughs (Pyrrhocorax pyrrhocorax) that were feeding and/or living in close proximity to livestock waste (72% and 21% resistant to amoxicillin-clavulanic acid) (4, 7) . Proximity to humans has also been associated with higher prevalence of AMR. For example, resistant bacteria were detected more frequently in baboons feeding on human refuse than in animals living in more remote areas with no human contact (37) . These studies suggest that exposure to anthropogenic factors, such as human refuse and livestock farming, may contribute to the development and maintenance of AMR in the bacteria of wildlife. However, the relationship between anthropogenic factors and AMR is not always clear. Gilliver et al. found that resistance to antibiotics is widespread (90%) in at least some wild rodent populations living in areas with no known exposure to antibiotics, whereas Osterblad et al., sampling in natural environmental areas, did not detect widespread resistant bacteria (1 to 24%) in wildlife (13, 31) .
The main objective of this study was to assess the impacts of different types of human activity on the development of AMR in wildlife by comparing the prevalence and patterns of antimicrobial resistance and resistance genes in generic E. coli and Salmonella isolates from fecal samples collected from wild small mammals living on swine farms and in residential areas, landfills, and natural habitats.
MATERIALS AND METHODS
Trapping and sampling. All procedures for trapping and handling small mammals were approved by the Animal Care Committee, University of Guelph, following the guidelines of the Canadian Council on Animal Care. We targeted wild mammals with small home ranges in this study so that we could be confidant that their home ranges fell within the sampling environment where we were trapping.
Small mammals were trapped at nine swine farms, nine natural habitats, eight landfills, and 10 residential areas in southern Ontario, Canada, from May to October 2008 (Table 1 ). All sampling sites were within a 100-km radius of Guelph, Ontario, which is located within one of the most densely populated areas of Canada. All of the swine farms were active, and traps were set around farm buildings, hedgerows, and lagoons within 150 m of a barn. Natural woodland habitats were selected in conservation areas administered by the Grand River Conservation Authority, Conservation Halton, and the Credit Valley Conservation Authority. The traps at these sites were placed in wooded areas that were Ͼ100 m in from park edges and away from buildings.
Most landfills had open wet waste and active landfill pits, although in one case the active landfill pit was enclosed within a building. At landfills, traps were placed as near as possible to wet waste and the active landfill pits. All residential areas were in established urban/suburban neighborhoods (Ն10 years old) and consisted of a cluster of 4 to 5 houses. These sites were excluded if they were within 100 m of a different environment area. For example, if a swine farm was adjacent to a residential area, both were excluded. At each site, 100 Sherman live traps (H. B. Sherman Traps, Inc., FL) were placed along 10 transects with 10-m spacing between traps. The traps were baited with peanut butter and oats, and cotton was provided as bedding. At each site, traps were set in the evening and checked early the following morning for three consecutive nights. Traps that were disturbed were removed from the calculation of the number of trap nights (number of trap nights ϭ number of sites ϫ (number of traps set Ϫ number of traps disturbed) ϫ number of nights).
Appropriate precautions were taken by workers to avoid exposure to zoonotic agents (27) . Animals were identified to the genus level (in the case of Peromyscus, either Peromyscus maniculatus (deer mouse) or Peromyscus leucopus (whitefooted mouse) or to the species level (for all other animals). Peromyscus sp., Mus musculus (house mouse), Microtus pennsylvanicus (meadow vole), and Blarina brevicauda (short-tailed shrew) were euthanized with an overdose of halothane (MTC Pharmaceuticals, Ontario, Canada) for use in other studies. Other species were released at the point of capture without being handled. Feces were collected directly from the traps of all animals by using clean forceps. All fecal samples were placed in individual containers with 5 ml of brain heart infusion (BHI) broth (Difco, Ontario, Canada) containing 20% glycerol. The samples were kept for up to 2 h in a cooler in the field and then mixed thoroughly by vortexing them at the laboratory, where they were refrigerated prior to being frozen at Ϫ70°C (within 12 h of sample collection) for up to 1 week.
E. coli isolation. The samples were thawed, and 3 ml was transferred to a tube containing 3 ml of buffered peptone water (BPW) (Becton Dickinson, Ontario, Canada), which was incubated at 37°C overnight. Equal amounts of 2ϫ E. coli broth (Difco) and BPW were added to the tubes, and they were then incubated at 37°C overnight. After overnight incubation, E. coli broth samples were streaked onto MacConkey's agar (Becton Dickinson) and incubated at 37°C overnight. If lactose-fermenting colonies were obtained the next day, six different colonies were selected at random, restreaked onto MacConkey's agar (Becton Dickinson), and grown overnight at 37°C. The next day, each colony was streaked onto Trypticase soy agar (TSA) plates and incubated at 37°C overnight. Presumptive E. coli identifications were confirmed by indole and oxidase tests. Three indole-positive and oxidase-negative colonies per fecal sample were frozen at Ϫ70°C in BHI containing 20% glycerol for later testing. Only fecal samples that yielded E. coli were included in the study.
Isolation of Salmonella spp. The samples were preenriched in BPW and incubated at 37°C for 24 h; 100 l of the enrichment culture was inoculated into modified semisolid Rappaport-Vassiliadis medium (MRSV) (Becton Dickinson). The plates were incubated at 42°C for 24 to 72 h and examined for a typical migration pattern. All subsequent incubations and tests were done at 37°C. Presumptive positive samples from MSRV plates were streaked onto MacConkey's agar, followed by subcultures of three non-lactose-fermenting colonies on TSA. Confirmatory testing for Salmonella was conducted using triple-sugar iron, Christenssen's urea agar, and Salmonella O antiserum Poly A-I and Vi (Becton Dickinson).
Susceptibility testing. Up to three isolates from each sample were submitted for susceptibility testing to the Laboratory for Food-Borne Zoonoses, Public Health Agency of Canada, Guelph, Ontario, Canada. The broth microdilution method was used (Sensititre System; Trek Diagnostics, OH), following the protocols of the Canadian Integrated Program for Antimicrobial Resistance Surveillance (14, 30) . E. coli isolates from each sample were tested for the following antimicrobial agents (breakpoints are indicated in parentheses): amikacin (Ն64 g/ml), amoxicillin-clavulanic acid (Ն32 and Ն16 g/ml, respectively), ampicillin (Ն32 g/ml), cefoxitin (Ն32 g/ml), ceftiofur (Ն8 g/ml), ceftriaxone (Ն2 g/ ml) (11), chloramphenicol (Ն32 g/ml), ciprofloxacin (Ն4 g/ml), gentamicin (Ն16 g/ml), kanamycin (Ն64 g/ml), naladixic acid (Ն32 g/ml), streptomycin (Ն64 g/ml), sulfisoxazole (Ն512 g/ml), tetracycline (Ն16 g/ml), and trimethoprim-sulfamethoxazole (Ն4 and Ն76 g/ml, respectively). For descriptive analysis, the antimicrobials were grouped according to the Canadian Veterinary Drug Directorate's categorization of antimicrobial drugs based on their importance to human medicine (category I is the most important, and category III is the least important) (49) .
Antimicrobial resistance gene detection. Two E. coli isolates per sample were selected randomly to test for resistance genes. E. coli lysates were prepared as described previously (28) . Three or four colonies were grown in 500 l BHI overnight, and 20 l of this culture was transferred to 200 l lysis buffer (0.1 M Tris-HCl, pH 8.5, 0.05% Tween 20, 0.24 mg/ml proteinase K). The sample was incubated at 60°C for 1 h and heated at 97°C for 15 min to inactivate the proteinase K. The major resistance genes for sulfonamides (sul1, sul2, and sul3), tetracycline [tet(A), tet(B), and tet(C)], aminoglycosides [aadB, aphA1, aphA2, aac(3)IV, strA/strB, and aadA], phenicols (cmlA, floR, and catA1), and betalactams (bla TEM , bla SHV , bla CMY-2 , and bla CTX-M ) were tested with a set of multiplex and single PCR protocols using Qiagen multiplex PCR kits (Qiagen, Ontario, Canada). All multiplex PCRs were done in 25-l volumes using Qiagen multiplex PCR master mixture, 1ϫ Q solution, and 1ϫ primer mixture according to the manufacturer's instructions. PCR protocols and primers are described by Travis et al., Kozak et al., and Khashayar (19, 20, 46) . Statistical analysis. We initially attempted to include the site as a random variable, but due to problems with model convergence, we pooled sites within each environment. Logistic regression models were constructed using generalized estimating equations with an exchangeable correlation structure to account for multiple isolates from the same animal (STATA10 statistical software). The factors examined for association with resistance to Ն1 antimicrobial were environment (farm, residential, landfill, and natural) and host species. Univariable models were built first, and then a multivariable model was constructed. Exact logistic regression models were used to look for associations between the environment, specific resistance phenotypes, and resistance genes at the animal level (STATA10 statistical software). We analyzed results at the animal level, since other methods used for clustered data would not converge due to small sample sizes. Associations were considered significant at a P value of Ͻ0.05. From these models, the odds ratio (OR) and 95% confidence interval (CI) of each variable were reported.
RESULTS
Recovery of E. coli and Salmonella. E. coli was isolated from 163 of 302 fecal samples (54%). Table 1 summarizes the sam- pling design and the number of small mammals of each of six species trapped in each environment of interest, as well as the E. coli recovery from each source. Salmonella enterica was isolated from 4 of 302 fecal samples (1%; 2 isolates were obtained from 1 of the 4 samples). Two Salmonella enterica serotype Give isolates were recovered from two separate M. musculus mice trapped on a landfill site, two Salmonella enterica serotype Newport isolates were recovered from one Peromyscus sp. mouse trapped at natural site, and one Salmonella enterica serotype Typhimurium isolate was recovered from one Tamias striatus individual trapped on a farm.
Prevalences of resistant E. coli and Salmonella. The prevalences of resistance in isolates and animals from swine farms, residential areas, landfills, and natural habitats are presented in Table 2 . Eighty-three E. coli isolates (17%) from 35 animals showed reduced susceptibility to one or more antimicrobials (Table 2) . Sixty-three resistant isolates were from 25 animals trapped on swine farms, 14 were from 6 animals trapped in residential areas, 5 resistant isolates were from 3 animals trapped in landfills, and 1 resistant isolate was from 1 animal trapped in a natural habitat. Resistance to tetracycline was most common in animals from swine farms (58 E. coli isolates from 25 animals) ( Table 2 ). Resistance to ampicillin was observed most commonly in isolates from residential areas (12 E. coli isolates from 4 animals) ( Table 2 ). In animals trapped at landfills, only resistance to ampicillin, kanamycin, and chloramphenicol was detected, while only resistance to chloramphenicol was detected in E. coli isolates from natural-area animals ( Table 2 ). All 5 Salmonella isolates were susceptible to the 15 antimicrobials tested.
Prevalence of resistance genes. Resistance genes were detected in 52 of 322 E. coli isolates obtained from 28 animals (Table 3) . Forty-two of these E. coli isolates were from animals trapped on swine farms, eight were from animals trapped in residential areas, two were from animals trapped on landfills, and no resistance genes were detected in E. coli isolates from animals trapped in natural habitats. The most frequently detected resistance genes were tet(A), aadA, bla TEM , sul2, and bla CMY-2 ( Table 3 ). The most frequently observed resistance gene in bacteria from animals trapped on swine farms was tet(A), whereas in those from residential areas, bla TEM was the most frequently observed gene.
There were discrepancies between the susceptibility test results and the genotyping results that were confirmed by repeated genotypic testing. Resistance genes for streptomycin (aadA and strA-strB) were detected in 38 isolates, but only 16 of these isolates were classified as resistant to streptomycin. In two of nine isolates resistant to chloramphenicol, the related resistance genes were not detected, and resistance genes for gentamicin were not detected in any of the seven isolates showing resistance to gentamicin. In 2 of 18 isolates resistant to streptomycin, related resistance genes were not detected, as was the case in 2 of 47 isolates resistant to tetracycline, in 1 of 26 isolates resistant to sulfisoxazole, and in 1 of 14 isolates resistant to cefoxitin. In all four isolates resistant to trimethoprim-sulfamethoxazole, the related sul resistance genes were not detected; however, we did not test for dfr genes, which can confer resistance to trimethoprim-sulfamethozaxole (15, 18) .
Associations between resistant bacteria, host species, and environment. The univariable model indicated that the odds of finding resistance to one or more antimicrobials were significantly higher in isolates from swine farms than in isolates from residential areas (Table 4 ). In addition, in our univariable model, the odds of detecting AMR were 13 times higher for M. musculus and eight times higher for B. brevicauda than for Peromyscus sp. (Table 4 ). The small number of samples collected from other species prevented their inclusion in the model. In the multivariable model, including the environment and host species, a significant association between the environment and overall AMR occurred, but there was no significant association between AMR and the host species. In the multivariable model, the odds of detecting AMR were 9 times higher for isolates from animals on swine farms than for isolates from residential areas when the host species was controlled for (we were not able to include B. brevicauda in the model) (Table 4 ). In our multivariable model, we were unable to include natural habitats as an environmental variable and to test for interactions between the host species and the environment due to problems with model convergence. Associations between resistance to specific antimicrobials, resistance genes, and environment. The odds of finding animals with resistance to ampicillin (OR ϭ 3.83; CI ϭ 1.02 to 17.82; P ϭ 0.046), streptomycin (OR ϭ 10.96; CI ϭ 2.30 to 105.08; P Ͻ 0.01), sulfisoxazole (OR ϭ 10.96; CI ϭ 2.30 to 105.08; P Ͻ 0.01), and tetracycline (OR ϭ 13.60; CI ϭ 4.15 to 58.94; P Ͻ 0.01) were significantly higher on swine farms than in residential areas. No association was found between the environment and resistance to amoxicillin-clavulanic acid, ceftiofur, ceftriaxone, cefoxitin, gentamicin, kanamycin, chloramphenicol, and trimethoprim-sulfamethoxazole. The odds of detecting a number of resistance genes, sul2 (OR ϭ 6.00; CI ϭ 1.13 to 60.63; P ϭ 0.032), aadA (OR ϭ 13.13; CI ϭ 2.06 to ϱ; P ϭ 0.003); and tet(A) (OR ϭ 12.40; CI ϭ 3.31 to 70.05; P Ͻ 0.01) were significantly higher in animals from swine farms than those from residential areas. No significant associations were found between the environment and the resistance genes sul1, sul3, cmlA, aphA1, strA-strB, tet(B), tet(C), bla TEM , and bla CMY-2 .
DISCUSSION
We found resistant fecal E. coli isolates in wild small mammals living in all four environments that we examined in southern Ontario (swine farms, natural habitats, residential areas, and landfills). Overall, resistant bacteria were detected most frequently in E. coli isolates from small wild mammals trapped on swine farms. Since bacteria resistant to these antimicrobials are commonly detected in feces, manure pits, and environmental samples from swine farms (5, 17, 47), wildlife living on these 
a The resistance genes aadB, aphA2, aac(3)IV, bla SHV , floR, catA1, and bla CTX-M were not detected in wild small mammals in this study. (reference)
10 (5) a GEE models were constructed with an exchangeable correlation structure to account for multiple isolates from the same animal.
b T. striatus, M. pennsylvanicus, and Rattus norvegicus were excluded from both models and natural habitats and B. brevicauda were excluded from multivariable analysis due to problems with model convergence.
c Numbers in boldface represent statistically significant (P Ͻ 0.05) associations.
farms may come into contact with resistant bacteria and/or antimicrobial residues that could provide selection pressure for the development of resistant bacteria in wildlife that have contact with these areas (4, 7, 23) or acquisition of resistant bacteria from farm environments.
Although we found a low prevalence of resistant bacteria in wild small mammals living in residential areas, the spectrum of resistance phenotypes included the same 12 antimicrobials that were detected on swine farms. Interestingly, there was no significant difference in the frequencies of resistance to amoxicillin-clavulanic acid, cefoxitin, ceftiofur, ceftriaxone, kanamycin, gentamicin, and trimethoprim-sulfamethoxazole between farms and residential areas. Resistance to these antimicrobials is not generally detected in E. coli isolates from Canadian livestock (i.e., beef and swine) (14) , and consistent with a previous study (20) , none of these resistance phenotypes were detected in small mammals from natural habitats. Our results suggest that the development of resistance to these antimicrobials in wild small mammals in residential areas may be associated with proximity to anthropogenic sources of AMR other than livestock.
The source of AMR for wildlife living in residential areas is not clear. Rolland et al. detected a higher frequency of AMR in baboons that had direct contact with human refuse than in those that did not (37) . Since wildlife may come into direct contact with discarded antimicrobial medication, antimicrobial residues, or resistant bacteria, samples were sought in animals living in residential areas and in the vicinity of landfills. There was no evidence of increased risk of AMR at landfills relative to residential areas. We detected resistance to only three antimicrobials (ampicillin, kanamycin, and chloramphenicol) from animals trapped on landfills at frequencies similar to those in residential environments.
Recreational water and wastewater have been identified as a potential source of resistant bacteria in the environment (10, 16, 25) , which could affect the gut bacteria of wildlife in residential areas. Silva et al. detected ampicillin-resistant bacteria in the feces of urban pigeons (Columba livia) and hypothesized that sewer water may be the source (42) . The small mammals in our study might have come into contact with antimicrobial residues and resistant bacteria from human waste in waterways. Another possible source of AMR for wildlife living in residential areas is contact with raw meat scraps, since AMR was detected in Salmonella isolates from raw-food diets purchased from Canadian pet stores (12) . In addition, across Canada, resistant bacteria have been detected in beef, chicken, and pork from retail meat samples (14) . Further studies are required to investigate the association between proximity to humans and the occurrence of AMR and to identify potential sources of AMR for wildlife living in association with humans.
The only resistance detected in bacteria from animals in natural habitats was to chloramphenicol, and it was detected in only a single isolate. Previous studies have reported varying frequencies of antimicrobial resistance in wildlife trapped in natural habitats (8, 26, 29, 32) . Gilliver et al. detected a high prevalence (90%) of resistant bacteria in wild bank voles and wood mice (Apodemus sylvaticus) that were trapped at two woodland localities in the United Kingdom (13) . However, consistent with the results of this study, Osterblad et al. detected resistant bacteria at low prevalences (1 to 24%) in feces recovered from wild moose (Alces alces), white-tailed deer (Odocoileus virginianus), and bank voles in Finland, and Kozak et al. detected a low prevalence (20%) of resistant bacteria in wild small mammals from natural habitats in southern Ontario (20, 31) .
Unlike swine farms, natural habitats do not have an easily identifiable source of antimicrobials. Wild animals may come into contact with natural antibiotics produced by bacteria and fungi (32, 43, 49) . In addition, since some antimicrobials used in human and veterinary medicine do not completely break down, they may spread through the environment in soil and wastewater (39) . Resistant bacteria and antimicrobial residues originating from other environmental areas may contaminate areas perceived to be natural environments (2) . The observed discrepancies in the prevalence of AMR in wildlife living in natural habitats in different geographic locations may reflect different levels of overall contamination in the regional environment (31) . Also, wildlife, such as the black-headed gull (Larus ridibundus) or the Russian rook (Corvus frugilegus), could transport resistant bacteria from other areas to natural habitats and then act as reservoirs, maintaining AMR resistance within natural ecosystems (4, 7, 9) .
In general, there was good agreement between AMR phenotypes and the presence or absence of resistance genes. For streptomycin, the disagreement between the presence of resistance genes and resistance phenotypes was compatible with findings in other studies (20) . This suggests that the breakpoints established to test for resistance to the antimicrobial may be too high for epidemiological purposes or that the gene is not being expressed (5, 20) . The absence of relevant resistance genes from isolates that were phenotypically resistant to other antimicrobials may reflect the fact that the observed phenotypic resistance was caused by a resistance gene other than those investigated here or by a nonspecific resistance mechanism (e.g., an efflux pump) (1, 3, 6, 24, 38, 41) .
The resistance genes tet(A) and aadA were detected most frequently in E. coli isolates from animals from swine farms and were significantly associated with farm origin; sul2 was also significantly associated with farm origin, and although the resistance genes sul3, tet(C), and cmlA were not significantly associated with swine farm origin, they were detected solely in E. coli isolates from wildlife trapped on swine farms. The resistance genes bla TEM and aphA1 were detected in isolates from animals trapped at swine farms and landfills and in residential areas, suggesting that the gene may be more widely disseminated throughout the environment. The resistance gene aphA1 was detected in isolates from farms, residential areas, and landfills at roughly equal frequencies, suggesting that the gene may be associated with human activities or livestock-related exposure in residential areas. In addition, a number of isolates were resistant to multiple antimicrobials and carried more than one resistance gene. For example, the combination of cmlA and tet(A) also was significantly associated with isolates of swine farm origin.
Because the wild small mammals targeted in this study have small home ranges and are unlikely to be purposefully treated with antibiotics, we suspect that they carried resistant bacteria as a consequence of local environmental exposure to antimicrobials, antimicrobial residues, resistant bacteria, or resistance genes. Our ability to detect statistically significant asso- ciations between the prevalence of resistance genes and the environment type was affected by the small number of samples collected in some environments, particularly natural habitats and landfills. The host species was not significant in our multivariable model once we controlled for the environment; however, further examination of potential interaction effects were not possible due to issues associated with model convergence. More intensive sampling is required to define any association between the occurrence of resistant bacteria and resistant genes in wildlife and their origins in natural habitats and landfills and to investigate the role of the host species in the epidemiology of AMR. In addition further studies are required to investigate potential sources of resistant bacteria and resistance genes for wildlife in all environments.
